With the formation of the Center for Compact and Efficient Fluid Power (CCEFP) in 2006, there has been a resurgence of academic fluid power research in the USA. The centre's vision is to make fluid power the technology of choice for power generation, transmission, storage, and motion control. To address fluid power's key technical barriers, the CCEFP research strategy supports and coordinates pre-competitive research in three thrust areas: efficiency, compactness and effectiveness, where effectiveness means making fluid power safer, easier to use, leak free and quiet. This paper reviews some of the most important results from the first decade of CCEFP research.
Introduction
The Center for Compact and Efficient Fluid Power (CCEFP) (http://www.ccefp.org) is a network of university fluid power research laboratories in the USA. CCEFP was founded in 2006 with a grant from the National Science Foundation (NSF). The formation of CCEFP has caused a resurgence of academic fluid power research in the USA. This paper describes the most significant research results of CCEFP over its first decade. The goal of this paper is to provide brief descriptions of CCEFP research project to increase awareness so that collaboration between global research groups can be increased.
The centre's vision is making fluid power the technology of choice for power generation, transmission, storage, and motion control. To address fluid power's key technical barriers, the CCEFP research strategy supports and coordinates pre-competitive research in three thrust areas: efficiency, compactness and effectiveness, where effectiveness means making fluid power safer, easier to us, leak free and quiet.
A highly structured approach to application-motivated research is used in CCEFP. This approach is practiced by all Engineering Research Centers (ERCs) supported by NSF. In Organized Innovation: A Blueprint for Renewing America's Prosperity (Curral et al., 2014) the ERC advocated as a way of replacing unstructured innovation with structured innovation. There are three key activities in structured innovation, channelled curiosity, boundary breaking collaboration, and orchestrated commercialisation. CCEFP was cited as the best exemplar of boundary-breaking collaboration. An important tool for organised innovation is the three-plane diagram. Figure 1 shows the three-plane diagram for CCEFP. The three levels on the three-plane diagram are fundamental knowledge, enabling technology and systems, where the three levels interact with each other in complex but supportive roles. The research descriptions in this paper are organised according to this structure.
Research highlights -fundamental knowledge

Principles of miniature hydraulics
For the same reason that large-scale hydraulics makes sense in mobile excavators, miniature hydraulics makes sense in wearable human assist machines, including powered orthotics. Hydraulic actuators at all scales have exceptional force to weight and power to weight ratios, so if you want to design a lightweight powered device, choose hydraulics. As hydraulic systems become smaller, their efficiency drops because of the losses from pushing oil at high speed through small passages. A goal of this project was to use basic mathematical models to develop guidelines for engineers designing tiny hydraulic systems. One conclusion of a system level analysis is that to maximise the weight advantage of tiny hydraulics, one must use high pressure. Figure 2 demonstrates that a 100 W hydraulic system running at 1,000 psi (68 bar) will be about 10 times lighter than the equivalent 100 W electric motor system. Another conclusion is that to maintain reasonable efficiency for systems in the range of 100 W, one should not use a cylinder bore size of less than 4 mm. A third conclusion is that for maximum efficiency in a tiny hydraulic cylinder, replace the traditional elastomeric seal with a small gap seal. Application of these and other principles enables the development of novel technology using miniature hydraulics. See Xia and Durfee (2013) for more information. 
Measurement of normal forces due to asymmetric surface textures
We have shown that broken symmetry produces measurable normal forces with surface textures (Schuh and Ewoldt, 2016) , rationalised the physics involved , and used our predictive modelling capability to optimise for arbitrary surface designs . The foundational experimental observations are based on a flat plate, a symmetric texture, and asymmetric textures in a tribo-rheometer setup to test texture profile dependence of the friction reduction. Figure 3 shows the experimental setup and the surfaces tested. Note: F N is the measured normal force, and M is the measured torque. The top plate rotates in both directions in order to determine direction of relative motion effects Source: Figure adapted from Schuh and Ewoldt (2016) The measured normal forces, after corrections for inertia and surface tension, are given in the Figure 4 . The symmetric texture produced forces that were barely above the experimental limit, and the forces produced are direction independent. However, the normal forces produced by the asymmetric textures are well above the experimental limit, and the sign of the forces depended on the direction of relative motion. When the top plate was moving in the step contraction direction, the forces were positive, and when the top plate was moving in the step expansion direction, the forces were negative. The figure also shows that the magnitude of the forces produced by the textures depends on the value of β. This is because an end mill was used to manufacture the textures. The use of the end mill caused a right angle to be formed at the location of maximum depth, resulting in a sloped surface from the location of maximum depth up to the non-textured region. Therefore, as β approaches 45° the asymmetric textures become approximately symmetric due to the right angle formed by the end mill. Since it was already shown that symmetric textures produce forces that are barely above the experimental limit, this suggests that there is an optimal β value for producing normal forces with textures that are manufactured using an end mill. 
Rheology of high pressure fluid films
Certain hydraulic motors are sized larger than necessary for steady operation because of the need to overcome start-up friction. Larger motor size results in greater costs and decreased efficiency. This project is increasing understanding of friction in high-pressure contacts, improving modelling capabilities, and pointing toward practical applications that could lead to reducing equipment and fuel costs while increasing efficiency.
Among their findings, participants in the research team have observed that dimples filled with highly pressurised oil, known as elasto-hydrodynamic lubrication entrapments, appear in the contacts between components made of hardened steel following a sudden halt to rolling or sliding motion or after an impact. These entrapments may support a significant portion of the contact load and could, therefore, reduce the start-up friction by providing less resistance to sliding for a portion of the contact area.
In testing the hypotheses, a specialised rig was constructed to slide a sapphire plate against a hardened steel ball. In some tests, an entrapment was formed between the ball and plate. The friction at the start of sliding was measured and the tests with an entrapment were compared to those without (see Figure 5 ). This demonstrates that entrapments can substantially reduce start-up friction (about 50% shown above) and give new insights into how they may be used to improve the performance of hydraulic motors. In cooperation with colleagues from eight laboratories in five countries, this team has been able to accurately calculate friction of a high-pressure, sliding contact in the thermal regime from the measurable properties of the liquid. This required a correlation of the viscosity and thermal properties with respect to temperature and pressure. The team also established a framework for thermodynamic scaling of transport properties of liquids that combines the temperature and pressure dependence into a single parameter. This framework is being used in friction calculations. A new normalisation of the scaling parameter for viscosity provides a single equation to describe behaviour over a broad range of temperatures and pressure that previously required two different forms of the free volume relation (see Figure 6 ). The new equation should be superior for extrapolation to extremes of temperature and pressure. See Bair (2018) for more information. propylene carbonate, a solvent; decamethyl tetrasiloxane, a silicone oil; squalene, a hydrocarbon oil and diisodecyl phthalate (see online version for colours)
Note: A diester oil for temperatures to 150°C and pressures to 1.2 GPa (175,000 psi). A single relation, plotted as the curve, describes the viscosity of all materials at all conditions with a standard deviation of relative viscosity of 16%.
Effect of rod surface finish and starved conditions on seal behaviour
The elastomeric rod seal, which seals the gap between the protruding rod and the housing of a linear hydraulic actuator, is one of the most critical elements in a hydraulic system because it must prevent the leakage of hydraulic fluid into the environment. Numerical models of the rod seal have been developed at the CCEFP. The models are capable of predicting key seal performance characteristics, especially seal leakage and friction for a proposed design. These models simulate the physical processes governing the operation of the seal. They analyse the behaviour of the hydraulic fluid in the interface between the seal and the rod, the contact between asperities on the seal and the rod, and deformation of the seal. Previous models consider the interface between the seal and rod to be flooded with lubricant. However, in the majority of applications there is insufficient lubricant, and starvation occurs. Therefore, our most recent models take account of such starvation.
Results from these models show that starvation leads to significantly higher friction forces. See Huang and Salant (2015) for more information.
Understanding fluid film behaviour in pumps
The friction in highly loaded lubricated contacts is determined mainly by the pressure and shear dependences of viscosity. Progress in reducing friction through the selection of these properties has been slowed by the difficulty in measuring the properties for correlation with chemical structure. The analogy between shearing frequency and shearing rate (Cox-Merz) is well established for polymers. The measurement of the steady shear dependence for low viscosity liquids has been an exceeding challenging task requiring very high pressures to avoid thermal softening from viscous heating. Using high frequency, small-strain techniques would provide a simple, easy method to explore friction reduction through intelligent property selection. This research has made the first successful use of the Cox-Merz rule in predicting friction. A plot of the predicted and empirical results is shown in Figure 7 . See Bair et al. (2014) for more information. 
Research highlights -enabling technologies (power)
Controlled Stirling fluid power unit
The lack of suitable energy sources is extremely limiting for powered portable devices such as exoskeletons, powered prosthetics and orthotics, human-assist devices, and mobile robots. Using batteries as the source of energy and motors as actuators results in systems that are heavy, incapable of force and power densities adequate for human-scale applications, and exhibit inadequate operational durations. The controlled Stirling fluid power ( Figure 9 ) unit is a potential fluid power solution to this problem. This power unit is a Stirling engine that pumps hydraulic fluid or compresses air, depending on the application. The power unit uses hydrocarbon fuel as its energy source. It is compact and silent, with no internal combustion. A highly efficiency Stirling cycle is achieved by controlling the motion of a displacer piston inside the engine resulting in a sealed engine section that produces large pressure swings that can be used to pump hydraulic fluid or compress air. Current testing of the prototype and validated analytical models show that the unit can reach a hydraulic output pressure of 70 bar with power output ranging from 50 to 200 W. The target energy density is four times that of batteries and the target power density when coupled with a highly power dense fluid power actuator is five times than that of DC motors. This technological leap will enable a much-needed solution to the current inadequacy of power units for untethered applications. See Winkelmann and Barth (2016) for more information. 
Free piston engine pump
Currently, fluid power is generated for both on-road and off-road mobile applications using an internal combustion engine (ICE) coupled to a rotational hydraulic pump. The main drawbacks of this configuration are low system efficiency and complex design of both the ICE and the hydraulic pumping system. The FPE is an alternative that offers the ultimate flexibility for variable compression ratio control by eliminating the crankshaft. The merit of this setup lies in its simple design with few moving parts, resulting in a compact engine with low maintenance cost and reduced frictional losses. As shown in Figure 10 , linear hydraulic pumps are integrated into the engine block to produce hydraulic flow. This design eliminates the need for mechanical linkages between components, drastically increasing the modularity of the system. The major technical barrier for the FPE is the large cycle-to-cycle variation, especially during transient operation. Therefore a robust and precise piston motion controller was designed to ensure stable engine operation. The controller acts as a 'virtual crankshaft' guiding the piston to follow a reference trajectory via the hydraulic actuator (servo valve) by utilising energy from the storage element. The advantage of the active motion controller lies in its ability to precisely track and shape the piston trajectory. The reference trajectory of the virtual crankshaft can be altered digitally, in real-time, to achieve a wide range of piston motions, thus obtaining maximum engine efficiency for various operating points. The virtual crankshaft also enables the engine to have a variable compression ratio, allowing multi-fuel operation and permitting HCCI combustion. Experimental results have demonstrated the feasibility and promise of the technology. The virtual crankshaft accurately tracks desired piston motion. Experiments on engines using HCCI combustion at Sandia National Lab have demonstrated 56% thermal efficiency with virtually no NOx emissions. Typical peak efficiency is 32% for an SI engine and 42% for a diesel engine. See Li et al. (2017) for more information.
Variable displacement digital pump motor
The goal of this project is to overcome a major system efficiency limitation in the fluid power industry by providing a high bandwidth and efficient four-quadrant pump/motor. This is accomplished by providing an accurate simulation model to predict the effects of using actively controlled on/off valves to replace the valve plate timing in hydraulic pump/motors, and using the latest designs of high speed valves. As can be seen in Figure 11 , the variable displacement pump/motor maintains high operating efficiencies at lower displacements. It is also capable of high bandwidth four-quadrant operation. Improving pump/motor efficiency, particularly at lower displacements with four-quadrant capability, will strengthen existing markets and enable new markets by improving efficiency and effectiveness. A prototype has been constructed and tested, validating the concept. See Merrill et al. (2013) for more information. 
Miniature FPE compressor
CCEFP researchers have developed a miniature free-piston engine compressor for the fluid power orthosis (see Figure 12 ). This device can be used on small mobile applications, opening new markets for the fluid power industry. Developing a small engine compressor is not as straightforward as developing a larger engine because designing tiny valves, sensors, and actuators is challenging and the behaviour of ignition is different. Fabricating miniature components with tight tolerances is also not easy and some of the basic assumptions used in designing larger engines are not valid at this scale. The miniature FPE compressor has a tiny homogeneous charge compression ignition (HCCI) engine compressor that creates compressed air at 80 psi for small powered devices such as an active AFO or a powered construction tool. The prototype device is the world's smallest air compressor. Developing the tiny engine requires comprehensive mathematical models of the ignition, fluid flow and mechanical motion of the parts and clever manufacturing methods. Recent results have led to the first ever models of small engines that power model aircraft, useful benchmarking devices for the new CCEFP engine. Performance measurements on the tiny engine-compressor prototypes are being used to improve and calibrate the mathematical models. Extensive work is going into accurate models of the combustion and scavenging processes, as they are the key to high operating efficiency. Plans include improving the tiny engine compressor efficiency and to use di-methyl ether (DME) fuel, a low emission, non-toxic alternative that has excellent combustion and emission characteristics. See Johnson et al. (2015) for more information.
Variable linkage pump
This project is developing a variable displacement linkage pump (VDLP) to fill the need for a hydraulic pump with high efficiency at low volumetric displacement (see Figure 13 ). The project has resulted in four generations of functional prototypes, including inline triplex and radial piston configurations. The VDLP has the following novel features:
1 it uses low friction rolling element bearings, in contrast to hydrodynamic bearings in most pumps 2 it can reach true zero displacement 3 the piston reaches the same top dead centre position regardless of the displacement 4 it can pump corrosive fluids. These features improve efficiency and allow the pump to be used in a wide range of applications and environments, including applications where current variable displacement hydraulic pumps are unsuitable. This project addresses the following technology gaps as it translates from research to commercial application: construction of a dynamic model of the pump, construction of a framework for multi-domain multi-objective optimisation of machines with mechanisms and applying the method to optimise the pump for water pumping applications, designing a multi-cylinder prototype for water pumping with low flow ripple, and testing the prototype in an industrial application. See Wilhelm and Van de Ven (2015) for more information.
Variable displacement external gear machine
A novel concept for a variable delivery flow unit based on the classic external gear machine design has been formulated and implemented in two different prototypes, one for low pressure applications (lower than 30 bar) and one for high pressure applications (up to 400 bar). Figure 14 shows some details of the two prototypes. The new machine is based on a variable timing concept that permits flow variations ranges up to 40% maintaining high energy efficiency, comparable to other variable displacement machines. The novel design possesses the well-known advantages of traditional external gear machines such as low cost, compact units, good reliability and reasonable efficiency. Although unit designs for higher flow variation have been formulated, the prototype used for the experiments has a displacement variation of 35%. This new concept for low cost variable displacement units has the potential to substitute current fixed displacement units in many applications such as charge pumps in hydrostatic transmissions (HSTs), or hydraulic fan drives, with significant reduction of fuel consumption. See Devendran and Vacca (2017) for more information. 
Research highlights -enabling technologies (sensing and control)
Self-powered rotary PWM calve
A major energy loss in current fluid power systems is from the metering control valves that dissipate energy through partially opened valve orifices. Replacing them with throttle-less methods will increase energy efficiency significantly. Pulse width modulation (PWM) of on/off valves that are either fully open or fully closed is a potential approach for throttle-less control. This approach is analogous to switched mode converters in power electronics. A primary challenge to realising PWM control of fluid power systems is the lack of high-speed on/off valves. These on/off valves must have large orifices (to allow large flow to pass through at low pressure drops), have fast transitions (to reduce the time when the valve is partially open), and must operate at high PWM frequencies (to reduce ripple and to achieve high control bandwidth). Typically, a control valve consists of a linear translating element such as a spool or poppet that opens and shuts an orifice. Actuating such a valve at high frequency requires rapidly acceleration and deceleration, which in turn requires large actuators and power input proportional to the third power of the frequency. To overcome this challenge, a self-spinning rotary on/off valve has been developed at the CCEFP (see Figure 15) . The valve is turns on and off as the spool rotates and the PWM duty ratio is adjusted by translating the spool axially. Since the spool is continuously rotating. Rapid acceleration and deceleration is not required, and the power input is proportional to the second power of frequency allowing much faster operation. The CCEFP rotary valve uses fluid momentum as a power source so that no external rotary actuator is needed. To date, a 3-way version of the rotary on/off valve was integrated with a (40 lpm) fixed displacement pump to achieve variable displacement function. The unit has been prototyped and demonstrated. PWM frequency up to 90 Hz, closed loop duty ratio modulation with 0-100%, and transition time of less than 0.1 sec has been achieved. See Tu et al. (2012) for more information.
Improved user interface for an excavator
Excavators, backhoes and similar earthmoving equipment have been controlled for decades by joysticks with each joystick motion controlling one axis of motion. The current standard electronic joystick has two motions or degrees of freedom hence two functions are controlled with each joystick. However, the swing, arm, stick and bucket motions are not intuitively coupled to the joystick motions. 'Natural' motions can be achieved with a single device that has been shown to remove 85% more soil than the two-joystick interface when operated for short periods in tests on an excavator simulator. Unfortunately the arrangement tested initially was tiring to the operator because the weight of his arm did not have support during operation. Additionally, releasing the grip causes the device to drop under its own weight. Consequently, a search for new configurations was launched with both natural correspondence and ergonomic arm support. Figure 16 shows the 'kinematically similar' design with vertical and horizontal orientation. Motion in the vertical plane and with swing controlled by a separate joystick proved to move 50% more soil than two joysticks but failing to have ergonomic support. By changing the motion to a horizontal plane the learning time was not significantly affected and the operator's arm is now well supported. Tests concluded that on longer duration runs the operator did not fatigue and still moved 35% more soil than two joysticks. See Winck et al. (2015) for more information. 
Energy harvesting for self-powered sensors
The hydraulic pressure-ripple energy harvester (HPEH) project set new benchmarks for power generation performance, power density, and demonstration of viability (see Figure 17 ). Advancement in the energy harvesting circuit with inductance matched to the piezoelectric energy conversion element within an HPEH yielded a prototype with peak power output of 3.3 mW. Another prototype was developed for compact, low-power sensing applications, and achieved its required target output of 67 pW. The first HPEHpowered, wireless temperature sensor was demonstrated. A single-crystal piezoelectric variant HPEH prototype yielded twice the power density compared to variants using cofired multi-layer piezoelectric elements. Prototypes were developed with a flexible design enabling the use of combinations of commercially available piezoelectric elements, permitting ease of configuration of the device for different target power demands. The project has been successful in pushing research and development such that HPEH powered devices could be viable across a broad range of power demands, available energy densities, form factors, static pressures, and target applications. See Schwartz et al. (2017) for more information. 
Compact hydraulic in-line silencer
Hydraulic systems can be noisy, limiting their use where noise is a critical factor, such as passenger vehicles. Currently available noise control devices can be bulky, and require more maintenance than is desirable. A novel hydraulic noise control device has been developed that employs an engineered compliant material lining (Figure 18 ). The device his fewer parts than current products, so it will be less costly to manufacture, and, its lining is maintenance-free. The device has been shown to provide 30 dB of sound transmission loss (Figure 19 ). The material has uses beyond the silencer, and is being considered for compliance control in other devices. See Marek et al. (2014) for more information. 
Compressed air open accumulator
Because wind is intermittent and unpredictable, the ability to store wind power can significantly increase its usefulness. However, storing large amounts of energy (in the order of several MW-hours) economically, efficiently and with the capability of high conversion rates (at several MWs) is a challenge. To answer this challenge, CCEFP researchers are developing a fluid power-based approach to wind energy storage, the open accumulator. In the open accumulator, excess wind energy is stored as high-pressure compressed air (see Figure 20) . When power demand exceeds available wind power, compressed air is released to generate electricity. Power output from the wind turbine becomes more predictable, and energy that would otherwise be wasted is captured. Because energy storage occurs prior to the generation of electricity, many electrical components can be downsized. By enhancing heat transfer inside the air compressor/expander, a near isothermal process is achieved attaining high efficiency. The open accumulator concept uses the high power density of hydraulics and the high energy density of pneumatics in a single architecture. This architecture allows the system to operate at near constant pressure, regardless of the energy content, so that efficiency and power capability can be maintained at all times. See Zhang et al. (2016) for more information.
Flywheel accumulator for compact energy storage
The hydraulic flywheel accumulator (HFA) is a novel device that stores energy as both the hydropneumatic and rotating kinetic energy. The energy density of the hydraulic flywheel accumulator is theoretically more than an order of magnitude higher than conventional accumulators. This is due to the high energy density of rotating kinetic energy storage, which reaches 325 kJ/kg for high performance flywheels. The ability to store energy in two modes decouples the system pressure from of the state of charge, allowing the system pressure to be actively controlled. The changing volume of hydraulic fluid in the device results in a variable flywheel inertia that creates the coupling between the energy domains. The HFA is a cylindrical piston-style accumulator rotating about its central axis and coupled to a pump/motor (see Figure 21 ). Hydraulic fluid enters and exits the HFA at the center of one end of the cylinder. The opposing side of the piston is occupied by nitrogen gas at a the pre-charged pressure. Energy can be added or removed from the HFA in two ways, either through an applied torque or by adding or removing hydraulic fluid. When hydraulic fluid is added, the piston compresses the gas, increasing the pneumatic energy storage, and the moment of inertia increases. In the absence of an applied torque, the increase in inertia creates a decrease in the angular velocity due to conservation of angular momentum. If the quantity of hydraulic fluid in the HFA remains constant as a torque is applied, the angular velocity increases, causing a decrease in the hydraulic system pressure. This unique coupling allows the hydraulic system pressure to be directly controlled by modulating the method of energy storage. See Strohmaier et al. (2015) for more information.
Pneumatic strain energy accumulator
The strain energy accumulator was demonstrated on the ankle foot orthosis (AFO), as a way to recover exhaust gas in its pneumatic system (see Figure 22 ). In these preliminary trials, the use of the pneumatic strain energy accumulator resulted in an energy savings of over 25% relative to operating the pneumatic actuation of the AFO in the conventional manner. This is an important milestone since the orthosis is representative of a typical pneumatic actuator task. The typical method of pneumatic actuation is only 23% to 30% efficient since a large amount of the energy is exhausted when the actuator changes direction. The pneumatic strain energy accumulator is able to store a portion of this exhaust gas and then reuse it to assist the powered return motion of the actuator. See Cummins et al. (2015) for more information. 6 Research highlights -systems
Energy efficient hydraulic hybrid excavator
The novel hydraulic hybrid system for an excavator, called displacement control, combines hydraulic hybrid technology with energy efficient displacement controlled (DC) actuation. Hydraulic accumulators are used to store and reuse brake energy, which helps to further reduce fuel consumption. Novel control and power management concepts allow effective power flows between actuators, engine and accumulator. The basis for the advantages of DC actuation resides in the complete elimination of resistance control. DC actuation uses a variable displacement pump to control actuator motion. An additional advantage is the ability to recapture energy from overrunning and breaking loads. As a consequence of the displacement-controlled actuation improved efficiency, the average engine power required for the mobile machine is dramatically reduced. The world's first 22-ton DC excavator prototype was built at Purdue in 2013 (see Figure 23) . A fuel consumption reduction of 35% and more than a 50% productivity improvement were documented in independent testing by a major OEM. See Hippalgaonkar and Ivantysynova (2016) for more information. Current, commercially available AFOs are passive or semi-active devices that provide joint stability and motion control, with the primary goal of holding the foot in a neutral position during the swing phase of gait to correct for foot drop. We are exploring whether the pneumatic portable powered ankle-foot orthosis can be used as a successful gait assistance device (see Figure 24 ). See Shorter et al. (2013) for more information.
Hydraulic AFO
The CCEFP hydraulic AFO (HAFO) demonstrates the capabilities and advantages of tiny hydraulics for untethered powered human assist machines (see Figure 25) . A key part of the work was system and component level modelling to predict the efficiency and weight of small hydraulic systems. The models, including simple models of O-ring seals, were validated by experimental data and showed that first, hydraulic exoskeletons must operate at high pressure (>1,000 psi) to take advantage of their inherent power and force density and second, that actuator bore sizes of less than about 4 mm cause a rapid drop in system efficiency. The models also enabled system-level thinking of tiny hydraulic designs where every component in the power transmission path (battery, electric motor, hydraulic pump, conduit, cylinder, linear-to-rotary transmission, ankle motion) is a transformer whose transmission ratio influences system efficiency and component weight. These concepts have been realised in the HAFO where the power supply is worn at the waist leaving small hydraulic actuators at the ankle to minimise the weight carried on the foot. The HAFO runs at 2,000 psi, provides 90 Nm at 100 degrees/second, weighs less than 1 kg at the ankle and fits under a pair of loose-fitting pants. See Neubauer et al. (2014) for more information. 
MRI guided surgery using precision pneumatics
Fluid power actuators (hydraulic and pneumatic) are well suited for electromagnetically sensitive environments such as magnetic resonance imaging (MRI) machines because they enable intra-operative MRI guidance of robotically steerable needles. A technical barrier to using fluid power in MRI-guided surgical systems is the absence of commercial, off-the-shelf fluid power actuators that are sterilisable and intrinsically safe. To fill this technology gap, researchers at the Vanderbilt University and Milwaukee School of Engineering designed and built a pneumatic stepper actuator (see Figure 26 ). Designed using corrugated diaphragm theory; one helix-shaped bellows and one toroid-shaped bellows provide pure rotation and translation. The actuator module functions as a two degree-of-freedom needle driver; that is, the two bellows directly translate and rotate the base of one tube of a steerable needle. Several modules can be cascaded together for steerable needles comprised of multiple, concentric tubes. For needle tip translations and rotations, mechanical stops limit the bellows' movements to maximum unplanned step sizes of 0.5 mm and 0.5 degrees, which are acceptably safe in the event of a systems failure. Additively manufactured, the prototype device is compact and hermetically sealed for sterilisability. The linear bellows produced peak forces of 7.4 lbf and -6.0 lbf for needle insertion and retraction, respectively. The rotary bellows produced peak torques of ±0.60 lbf-in. A precision, sub-step controller allows translations and rotations less than full step increments, such that mean steady-state errors of 0.013 mm and 0.29 degrees were achieved with the prototype shown below. See Comber et al. (2016) for more information. 
Pneumatic control of nerve impulses for stroke rehabilitation using functional MRI
This project was designed to understand the neuromechanical mechanisms associated with repetitive facilitation exercise (RFE) for stroke survivors to gain functional recovery of their hemi paretic limbs. RFE, a new effective method for stroke patients proposed by Dr. Kawahira of Japan, consists of mechanical stimulation to a dysfunctional muscle by a gentle tap at the muscle tendon inducing a long-latency reflex response at the brain. This exercise is expected to facilitate the reorganisation of neural pathways by overlapping the reflex response with voluntary motor commands by the patient leading to muscle response. Although the outcomes of RFE treatment obtained so far are promising, the hypothesised mechanism under RFE still awaits verification with neurological data. fMRI technology can be used on the brain regions for clarifying the effects of RFE therapy and the underlying mechanism. The first prototype of RFE rehabilitation device that replicates the RFE procedure was built and tested with transcranial magnetic stimulation (TMS), simulating the target region of the motor cortex in a subject. This device has a pneumatically actuated medical hammer made up with fMRI-compatible material (see Figure 27 ). Mechanical stimulation given by the medical hammer evokes the long-latency reflex response at the tendon of interest. Subject received mechanical stimulation and TMS with various time intervals between the two to observe the temporal dynamics of RFE. Human subject data shows that there is a critical time window between two signals that evokes muscle response, showing that precise timing control contributes to effective neural facilitation by RFE. See Kim et al. (2016) for more information.
HSTs for wind power
In a utility scale wind turbine, there is an eighty to one hundred times increase in rotational speed between the turbine and the generator. This required speed increase is currently achieved with a mechanical gearbox. The gearbox experiences high loads during wind gusts and the resulting stresses are transferred from the gearbox to the generator. As a consequence, two of the highest maintenance costs in a wind turbine are for gearbox and generator bearing replacement. At CCEFP we are replacing the mechanical gearbox with a HST. Since the power path in an HST is hydraulic, the inherent compliance in the fluid and provides a damping effect resulting in a large stress reduction in the gearbox and generator during wind gusts. The HST, a continuously variable transmission, also allows the generator to run at constant speed regardless of wind speed. This reduces the need for power electronics, lowering cost, improving efficiency and further reliability. A photograph of the regenerative hydrostatic wind turbine test stand at the University of Minnesota is shown in Figure 28 . See Dutta et al. (2014) for more information. 
Conclusions and outlook
The result of the formation of the CCEFP has been a resurgence of academic fluid power research in the USA. This paper has summarised some of the most important research contributions of the CCEFP in its first decade. The NSF funding for CCEFP is limited to ten years, and CCEFP is now reorganising to effectively continue to operate with other funding sources, mainly from industry and mission-oriented government agencies. CCEFP is currently organised into three thrusts: mobile fluid power, human-scale fluid power and fluid power manufacturing. Our recent efforts have resulted in forming a new $5 million program in the Vehicle Technology Office of the Department of Energy to create more efficient fluid power systems for off-highway applications such as construction and agriculture. This initial success bodes well for the future sustainability of CCEFP.
